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H I G H L I G H T S

G R A P H I C A L

• Inorganic nitrogen fertilizer and vetch
cover crop accelerate microbial nitrogen
transformation.
• Increased temperature and intensiﬁed
precipitation destabilize soil nitrogen.
• Soil nitrogen is less sensitive to climate
change with inorganic nitrogen fertilizer, vetch cover crop, and no-till.
• Vetch cover crop has a larger effect than
inorganic nitrogen fertilizer on mitigating climatic effect on soil nitrogen.

Structural equation model for seasonal changes of soil N concentrations driven by climatic factors. Temperature: 30-day average air temperature prior to sampling day; Precipitation: 30-day cumulative precipitation
prior to sampling day; MBN: microbial biomass N; EON: extractable organic N. Boxes indicate variables. Arrows
represent causal relationships. All presented relationships are signiﬁcant at p ≤ 0.05. Arrow direction indicates
the direction of causation. Arrow width indicates effect size. Black arrows denote positive relationships, and
gray arrows negative relationships. Numbers beside arrows are standardized path coefﬁcients, i.e., effect sizes.
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A B S T R A C T

Understanding how conservation agricultural management improves soil nitrogen (N) stability in the face of climate change can help increase agroecosystem productivity and mitigate runoff, leaching and downstream water
quality issues. We conducted a 2-year ﬁeld study in a 36-year-old rain-fed cotton production system to evaluate
the impacts of changing climatic factors (temperature and precipitation) on soil N under conservation management, including moderate inorganic N fertilizer application (0 and 67 kg N ha−1), winter cover crops (fallow;
winter wheat, Triticum aestivum L.; hairy vetch, Vicia villosa Roth), and reduced tillage (no-till; disk tillage). Structural equation modeling (SEM) was used to quantify and compare the effects of conservation management and
climatic factors on soil N concentrations. Fertilizer and vetch cover crops increased soil total N concentration by
16% and 18%, respectively, and also increased microbial N transformation rate by 41% and 168%. In addition, vetch
cover crops also increased soil labile N concentrations by 57%, 21%, and 79%, i.e., extractable organic N, ammonium, and nitrate, respectively. The highest soil δ15N value (6.4 ± 0.3‰) was observed under the 67 kg N ha−1
fertilizer-wheat-disk tillage treatment, and the lowest value (4.8 ± 0.3‰) under the zero-fertilizer-wheat-notill treatment, indicating fertilizer and tillage might accelerate microbial N transformation. The SEM showed
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positive effects of temperature and precipitation on labile N concentrations, suggesting destabilization of soil N
and the potential for soil N loss under increased temperature and intensiﬁed precipitation. Fertilizer and vetch
use might mitigate some of the effects of temperature by accelerating microbial N transformations, with vetch
having a larger effect than fertilizer (0.35 vs. 0.15, Table 1). No-till can reduce some of the effects of precipitation
on soil labile N by maintaining soil structure. Our study suggests that fertilizer, vetch cover crop, and no-till might
help improve function and resilience of agroecosystems in relation to soil N cycling. Soil N stabilization in
cropping systems can be enhanced by adjusting agricultural management.
© 2021 Elsevier B.V. All rights reserved.

In this study, we compared the side-by-side impacts of long-term
conservation agricultural management (moderate inorganic N fertilization, winter cover cropping, no-till) on soil N dynamics under changing
climatic factors (temperature, precipitation). Further, we examined effects of conservation management and climatic factors on soil N concentrations over different times in the growing season for two years.
Speciﬁcally, we hypothesized that: (1) inorganic N fertilizer, vetch
cover crop, and no-till would increase soil total N concentration; (2) increased temperature and/or intensiﬁed precipitation would increase
soil labile N concentrations; (3) soil labile N concentrations would be
less sensitive to temperature and precipitation under inorganic N fertilizer, vetch cover crop, and no-till. To test these hypotheses, we measured soil total N and δ15N values, labile N concentrations (extractable
organic N, ammonium, and nitrate), microbial biomass N, and potential
N mineralization rate at eight times over the 2016 and 2017 crop years.
We then applied these data to structural equation modeling to evaluate
the effects of conservation management and climatic factors on soil N
concentrations.

1. Introduction
The key processes in terrestrial and aquatic ecosystems related to
nitrogen (N) cycling and availability are altered by climate change
(Greaver et al., 2016). Seasonal changes in temperature and precipitation can exacerbate soil N loss from agroecosystems, but conservation
agricultural management can help mitigate the soil N loss (Congreves
et al., 2016) and therefore reduce N enrichment in aquatic ecosystems.
Agricultural management such as inorganic N fertilizer application,
cover crop use, and tillage can affect microbial cycling of soil N and
therefore soil N availability. Applying inorganic N fertilizer can decrease
microbial biomass by 5–15% on a global scale (Lu et al., 2011; Treseder,
2008) and alter soil microbial diversity (Mei et al., 2018; Šimek et al.,
1999) and community structure (Kumar et al., 2018). Inorganic N fertilizer, however, also can increase microbial activities such as respiration
and decomposition (Comeau et al., 2016; Fang et al., 2017; Graham
et al., 2014), soil N mineralization (Risch et al., 2020), and denitriﬁcation
(Ozlu and Kumar, 2018). Soil N losses due to long-term or overapplication of fertilizer, however, can result in signiﬁcant nutrient inputs into water bodies and lead to pervasive water pollution (Yu et al.,
2019), with toxic algal blooms, deﬁciency in dissolved oxygen, and reduction in ﬁsh production along the freshwater-to-marine continuum
(Wurtsbaugh et al., 2019). To decrease agroecosystem N losses due to
over-application of inorganic N fertilizer, leguminous cover crops or
cover crop mixes that include N-ﬁxing species have potential to partially or fully replace inorganic N fertilizers.
The use of winter cover crops can further help reduce agroecosystem
N losses by preventing leaching and/or runoff in the off-season by scavenging excess fertilizer N (Abdalla et al., 2019; Wang et al., 2018). Winter cover crops can transform residual inorganic N from synthetic
fertilizers into organic N forms. Further, the presence of cover crop biomass acts as a physical barrier on top of the soil, reducing raindrop impact during what would otherwise be a bare fallow period (Chatterjee
and Clay, 2016). The subsequent decomposition of the cover crop residues can also increase soil N availability for the succeeding primary
crops and increase yields (Nouri et al., 2020; Vogeler et al., 2019).
Cover crop choice, however, has a signiﬁcant impact on whether nutrients are retained or lost from agricultural soils. Compared to nonlegume cover crops, N-ﬁxation by leguminous cover crops can result
in signiﬁcantly higher N leaching losses (Sievers and Cook, 2018) and
higher soil nitrous oxide (N2O) emissions to the atmosphere (Shelton
et al., 2018).
Additionally, the physical disruption of soil using tillage practices can
decrease soil total and available N (Martínez et al., 2017; Mazzoncini
et al., 2016) and affect nitrate leaching by altering soil structure and
water movement. For example, increasing tillage frequency can decrease soil nitrate concentrations because of greater nitrate leaching
through more water diffusion paths (Matthews et al., 2000; Xiao et al.,
2019). In contrast, no-till systems may have higher bulk density and
penetration resistance than tilled systems (Mbuthia et al., 2015; Nouri
et al., 2019; Villamil et al., 2015), thereby decreasing nitrate leaching
losses. However, the higher bulk density in no-till systems may increase
the percent of water-ﬁlled pore space and therefore lead to greater denitriﬁcation potential compared with tilled systems (Pareja-Sánchez
et al., 2020; Wang and Zou, 2020).

2. Materials and methods
2.1. Site selection, experiment design, and soil sampling
Soil was collected from the West Tennessee Research and Education
Center located in Jackson, Tennessee, USA (35°37′23.1″N 88°50′47.4″
W). The soil is classiﬁed as Lexington silt loam (ﬁne-silty, mixed, thermic, Ultic Hapludalf) with slopes of 0–2%. The site has been maintained
as continuous cotton (Gossypium hirsutum L.) since 1981. The long-term
conservation management practices in the ﬁeld involve reduced inorganic N fertilization, winter cover cropping, and no-till. More detailed
information of the ﬁeld experiment and management are available in
a previous study (Nouri et al., 2020).
A subset of treatment combinations in the ﬁeld were evaluated in
this study. Our experiment is a randomized complete block design
with split-split-split-split plots. Each combination of treatments had
four replicates. The inorganic N fertilizer (ammonium nitrate) treatment on the whole plot had two levels: 0 and 67 kg N ha−1. The cover
crop treatment on the split plot had three levels: bare fallow, winter
wheat (Triticum aestivum L.), and hairy vetch (Vicia villosa Roth). The
tillage treatment on the split-split plot had two levels: no-till and disk
tillage. The disk tillage is usually performed two times before cotton
planting: ﬁrst, by a standard disk harrow and second, by smoothing
and breaking up of clods by a harrow. Sampling year on the split-splitsplit plot, as a treatment, had two levels: 2016 and 2017. Sampling
month on the split-split-split-split plot had four levels, where soils
were sampled four times per year during growing season. The four sampling times were chosen to represent key management operations or
crop developmental stages in this cotton production system. The ﬁrst
sampling was conducted as close to peak growth of cover crops as possible, usually one week before or within two weeks after cover crop harvest in March or April. The second collection was taken when cotton
was well established, about four to six weeks after cover crop termination and after cotton planting, but before inorganic fertilizer application
in May. The third sampling occurred as close to cotton peak growth as
possible, within one to three weeks prior to cotton harvest in October.
2
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2.7. Statistical analyses

The fourth sampling occurred after harvest and before ground freezing,
within two weeks following cotton harvest in November. Soil samplings
were conducted on March 10, May 31, October 2, and November 14 in
2016, and April 10, May 22, October 2, and November 14 in 2017.
At each sampling time, soil cores were collected by an auger to a
depth of 7.5 cm. Seven to ten soil cores were taken from various locations within each plot, composited, and passed through a 2 mm mesh
sieve to homogenize. The sieved soil was placed in a Ziplock bag for
transport to the laboratory. Between each plot, sampling tools were
cleaned with 70% ethanol. Fresh soils were stored at 4 °C until laboratory
analyses. Soils for incubations (see below) were collected the same way.

A ﬁve-way mixed model ANOVA was used to determine the main
and interaction effects of inorganic N fertilizer, cover crop, tillage, sampling year, and sampling month on soil N concentrations (Glimmix procedure; SAS 9.4, SAS Institute Inc., Cary, NC, USA). Inorganic N fertilizer
rate, cover crop type, tillage type, sampling year, and sampling month
were the ﬁxed factors, and block was the random factor. The Univariate
procedure was used for checking normality of residuals. Normality was
determined by the Shapiro-Wilk's test at p ≤ 0.05. Equal variance was
determined by the Levene's test at p ≤ 0.05. Post-hoc least squares
means for treatments were compared by Fisher's Least Signiﬁcant Difference (LSD), with Tukey-adjusted p-values. Signiﬁcance was set at
p ≤ 0.05, and results were reported as mean ± standard error.
The effect sizes of conservation management and climatic factors on
soil N concentrations were quantiﬁed with structural equation modeling (AMOS 26; IBM Corporation, Meadville, PA, USA). We followed the
procedures of developing and modifying a structural equation model
in Byrne (2013) and Li et al. (2019a). Brieﬂy, we proposed the a priori
model according to experience and background information, tested if
important pathways were left out (modiﬁcation indices ≥4) and if the
existing pathways were signiﬁcant (p ≤ 0.05), and then revised the a
priori model by adding missing pathways and dropping insigniﬁcant
pathways in consideration of model ﬁt and scientiﬁc rationality. Multivariate normality was assessed by Kurtosis values ≤7. Path coefﬁcients
were tested by maximum likelihood estimation. Standardized path coefﬁcients were reported as effect sizes based on standard deviation
units, ranging from 0 to 1. Model ﬁt was evaluated by (1) the minimum
discrepancy divided by its degrees of freedom (CMIN/DF) in the range of
1 to 3 (Carmines and McIver, 1983), (2) the goodness of ﬁt index (GFI)
close to 1 (Tanaka and Huba, 1985), (3) the comparative ﬁt index (CFI)
close to 1 (Bentler, 1990), and (4) the root mean square error of approximation (RMSEA) less than 0.05 (Browne and Cudeck, 1993).

2.2. Bulk soil total N, δ15N value, and soil pH
A subsample of 2 mm-sieved fresh soil was oven dried at 65 °C,
ground to powder, and analyzed for total N and δ15N value using dry
combustion (Stable Isotope Facility; University of California-Davis). A
separate subsample of fresh soil was added to sterile water (1:2 extraction ratio), vortexed, and allowed to settle before measuring for pH (Ultrabasic, Denver Instrument, Bohemia, NY, USA).
2.3. Soil extracts
Soil total extractable N and microbial biomass N were measured by a
chloroform slurry method (Fierer and Schimel, 2002). For each ﬁeld
sample, one soil subsample was chloroform-exposed and another subsample non-chloroform-exposed, and then both were extracted with
0.5 M K2SO4. Filtered extracts were kept under −20 °C until analyses
(see Section 2.5).
2.4. Incubation for soil potential N mineralization
Fresh soils were incubated in mason jars under 25 °C for 7 days. The
incubated soils were extracted as described in Section 2.3. These soil extracts were used for the following extract analyses in Section 2.5 to determine soil ammonium concentrations (ammoniumpost-incubation).

3. Results
3.1. Soil total N concentration, δ15N value, and soil pH

2.5. Soil extract analyses

Soil total N differed for the main effects of fertilizer (p = 0.0197) and
cover crop (p < 0.0001), and the 3-way effect of tillage, year, and month
(p = 0.0042, Fig. 1). There were no other signiﬁcant interaction effects
involving fertilizer or cover crop treatments. Soil total N concentration
under 67 kg N ha−1 fertilizer was 16% higher than zero-fertilizer, and
18% higher under vetch cover crop compared to fallow. Soil total N concentration was the numerically lowest in the zero-fertilizer-wheat-disk
treatment (0.85 ± 0.02 mg N g−1 soil), and the highest in the 67 kg N ha−1
fertilizer-vetch-no-till treatment (1.72 ± 0.06 mg N g−1 soil, Supplementary Fig. 1). There was no difference in total N concentration between wheat cover crop soils and fallow soils (p = 0.9936). Soil total N
concentration under no-till was ~8% higher than disk tillage, but only
in October 2016, November 2016, and October 2017 (p < 0.0069, p =
0.0275, and p < 0.0001, respectively, Fig. 1). In both 2016 and 2017,
soil total N concentration in March was the lowest, increasing gradually
in May, peaking in October, then decreasing in November (Supplementary Fig. 1).
Soil δ15N value was affected by the main effect of tillage (p = 0.0054)
and the 2-way effect of year and month (p < 0.0001). There were no signiﬁcant interaction effects involving fertilizer, cover crop, or tillage
treatments. Soil δ15N value under disk tillage was higher than no-till.
The highest value (6.4 ± 0.3‰) was observed under the 67 kg N ha−1
fertilizer-wheat-disk tillage treatment, and the lowest value (4.8 ±
0.3‰) under the zero-fertilizer-wheat-no-till treatment (Supplementary Fig. 2). Soil δ15N value did not change signiﬁcantly in 2016, decreased in April 2017, and increased in November 2017 to the same
level as in 2016.

Soil extracts obtained from Section 2.3 were analyzed for soil
total extractable N (TEN) concentrations (TENchloroform-exposed and
TENnon-chloroform-exposed) on a total organic carbon analyzer (Aurora
1030 W, OI Analytical, College Station, Taxes, USA) modiﬁed with a
N detection for combustion analysis. Non-chloroform-exposed soil extracts from Section 2.3 were analyzed for ammoniumpre-incubation and
nitrate concentrations using microplate-based spectrophotometric determinations (Doane and Horwáth, 2003; Rhine et al., 1998). Extracts
from Section 2.4 were also analyzed for ammoniumpost-incubation using
microplate-based methods. Brieﬂy, soil extracts were pipetted into
96-well plates. Reagents were added to each well. After reactions complete, the plate was read on a microplate reader (Synergy HT, BioTek,
Winooski, VT, USA).
2.6. Soil N concentration and cycling rate calculations
Soil total N was evaluated as concentration (mg N g−1 dry soil). Soil
microbial biomass N (MBN, μg N g−1 dry soil) concentration was calculated as MBN = TENchloroform-exposed − TENnon-chloroform-exposed. The
MBN was not corrected for fumigation coefﬁcient and thus represent a
‘ﬂush’ of N instead of the total microbial biomass (Fierer et al., 2003).
Soil extractable organic N (EON, μg N g−1 dry soil) concentration was
calculated as EON = TEN − ammoniumpre-incubation − nitrate. Potential
N mineralization (PNM, μg N g−1 dry soil d−1) rate was calculated as
PNM = (ammoniumpost-incubation − ammoniumpre-incubation) / 7 day.
3
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Fig. 1. Concentrations of soil total N. (A): different letters indicate signiﬁcant differences within fertilizer treatments (p ≤ 0.05). (B): different letters indicate signiﬁcant differences within
cover crop treatments. (C): an asterisk denotes a signiﬁcant difference within tillage treatments.

Three different 3-way treatment interactions affected soil ammonium concentrations: (1) fertilizer, cover crop, and tillage (p =
0.0079); (2) cover crop, year, and month (p < 0.0001); and (3) tillage, year, and month (p = 0.0035, Fig. 4). Soil ammonium concentration was higher under the 67 kg N ha−1 fertilizer-vetch-no-till
treatment (1.90 ± 0.19 μg N g−1 soil) compared to the other treatments (1.15 ± 0.09 to 1.46 ± 0.15 μg N g−1 soil). Soil ammonium
concentration was higher under vetch cover crops than fallow but
only in April 2017 (p < 0.0001), and higher in no-till than disked
soils in October 2017 only (p < 0.0001).
Soil nitrate concentration was affected by the 2-way effect of fertilizer and month (p = 0.0249), and the 4-way effect of cover crop,
tillage, year, and month (p = 0.0326, Fig. 5). With the 67 kg N ha−1
fertilizer application, monthly ﬂuctuations of soil nitrate concentration were different from each other; without the inorganic N fertilizer, soil nitrate concentration at the ﬁrst and the third sampling
was not different from each other. Vetch cover crops increased soil
nitrate concentration compared to fallow under no-tilled soils in
May 2016, November 2016, and May 2017 and under tilled soils in
May 2017 (p < 0.0001).

Soil pH ranged from 5.32 ± 0.10 to 6.71 ± 0.11 (Supplementary
Fig. 3) and varied for the main effect of tillage (p = 0.0308), the
3-way effect of fertilizer, cover crop, and year (p = 0.0150), and the
2-way effect of year and month (p < 0.0001). There were no other signiﬁcant interaction effects involving tillage treatment. Soil pH was
greater under disk tillage compared to no-till. Soil pH was lower
under vetch than wheat cover crops only under the zero-fertilizer treatment in 2017 (p = 0.0175), and lower in 2017 than 2016 only under the
zero-fertilizer-vetch treatments (p < 0.0001). In 2016, soil pH in March
was lower than that in May but higher than that in November; in 2017,
soil pH was lower than that in October and November (p < 0.0001).
3.2. Microbial and extractable soil N concentrations
Soil microbial biomass N concentration (MBN) was affected by the
4-way interactions of fertilizer, tillage, year, and month (p = 0.0489)
and the 3-way interactions of cover crop, tillage, and year (p =
0.0253, Fig. 2). In May 2016 only, MBN was lower under 67 kg N ha−1
fertilizer compared to zero-fertilizer but only when soil was disked
(p = 0.0280), and higher in disked than no-till soils but only when no
fertilizer was applied (p = 0.0024). Soil MBN was lower in 2017 than
2016 but only under the fallow-disk treatment (p = 0.0382).
Soil extractable organic N concentration (EON) was affected by the
3-way effects of cover crops, year, and month (p = 0.0010, Fig. 3). Soil
EON was higher under vetch cover crops compared to fallow and
wheat cover crops but only in May 2017 (p < 0.0001). There were no
main or interaction effects of tillage or fertilizer on EON.

3.3. Potential N mineralization rate
Potential N mineralization rate (PNM) was affected by the main effect of fertilizer (p = 0.0040), the 2-way effect of cover crops and tillage
(p = 0.0310), and the 3-way effect of tillage, year, and month (p =
0.0299, Fig. 6). The 67 kg N ha−1 fertilizer treatment increased PNM
4
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Fig. 2. Concentrations of soil microbial biomass N. (A) and (B): an asterisk denotes a
signiﬁcant difference within fertilizer treatments (p ≤ 0.05). (C): an asterisk denotes a
signiﬁcant difference within sampling years.

by up to 4 times compared to the zero-fertilizer treatment (0.35 ± 0.03
vs. 0.25 ± 0.03 μg N g−1 soil d−1). Soil PNM was higher under vetch
cover crops compared to fallow and wheat cover crops in both disked

Fig. 4. Concentrations of soil ammonium N. (A) and (B): different letters indicate
signiﬁcant differences within cover crop treatments (p ≤ 0.05). (C): an asterisk denotes a
signiﬁcant difference within tillage treatments.

and no-till soils. Wheat cover crops increased PNM compared to fallow
only in disked soils, with Fisher's LSD being signiﬁcant (p = 0.0129) but
Tukey's LSD not signiﬁcant (p = 0.1271). Soil PNM in 2016 was higher
than 2017 but only in disked soils in March (April) and November
(p = 0.0040).
3.4. Seasonal temperature and precipitation
Monthly average air temperature and monthly cumulative precipitation differed throughout 2016–2017 (Fig. 7). October 2016 was relatively hotter and November 2016 and October 2017 were fairly dry
compared to other months. The monthly average air temperature and
monthly cumulative precipitation data were used in our structural
equation modeling.

Fig. 3. Concentrations of soil extractable organic N. Different letters indicate signiﬁcant
differences within cover crop treatments (p ≤ 0.05).
5

L. Li, J. Konkel, V.L. Jin et al.

Science of the Total Environment 779 (2021) 146457

3.6. Structural equation model for effects of temperature and precipitation
on soil N concentrations
The goodness-of-ﬁt indices suggested optimal model ﬁt (CMIN/
DF = 1.45, GFI = 0.99, CFI = 1.00, RMSEA = 0.03, Fig. 9). Total N concentration had a R2 value of 0.24. Monthly average air temperature had
positive effects on MBN, EON, ammonium, and nitrate, monthly cumulative precipitation had positive effects on MBN, EON, and nitrate but a
negative effect on total N (Fig. 9). The total effects of climatic factors
on soil N concentrations were in Table 2.
To disaggregate the interaction effect of seasonal factors (temperature and precipitation) and agricultural practice, we tested this model
under different agricultural practices (Supplementary Figs. 9–11). The
effects of temperature and precipitation on MBN, ammonium, and nitrate were smaller under vetch than fallow (Table 3), and smaller
under 67 kg N ha−1 fertilizer than zero-fertilizer (Supplementary
Table 1). The effects of precipitation on MBN, EON, ammonium, and nitrate were smaller under no-till than disk tillage (Supplementary
Table 2).
4. Discussion
Seasonal monitoring of soil N concentrations in this long-term continuous cotton system indicated various effects of agricultural management on soil N cycling and stabilization under climatic variability.
Inorganic N fertilizer and vetch cover crop increased microbial transformation rates of soil N, which can contribute to soil total N. Vetch could
also improve soil labile N concentrations as demonstrated by structural
equation modeling (Fig. 8). Vetch, compared to fertilizer, had larger effects on improving soil N concentrations (Table 1). Wheat cover crops
did not have any signiﬁcant effects on soil N concentrations. Increased
temperature and intensiﬁed precipitation increased soil N lability, and
thus loss potential (Fig. 9). With fertilizer or vetch cover crop application, soil labile N concentrations tended to be less sensitive to climatic
factors possibly due to faster microbial N transformation (Table 3).
No-till increased soil total N and might reduce the effects of precipitation compared to disk tillage.
4.1. Effects of long-term inorganic N fertilization on soil total N
Long-term application of inorganic N fertilizer increased soil total N
(Fig. 1), suggesting a signiﬁcant transfer of labile mineral N forms to
more stable N in bulk soils. Structural equation modeling demonstrated
four direct or indirect pathways for fertilizer to affect soil N cycling
(Fig. 8). Speciﬁcally, fertilizer directly contributed to soil total N
(Fig. 8). In addition, fertilizer N can be recovered in crop biomass
(Poffenbarger et al., 2018) and returned to soil as aboveground litter,
root litter, and root exudates (De Notaris et al., 2020). As plant residues
decompose, a fraction of plant N derived from fertilizer can be sequestered in soil for longer term due to resistance to microbial decomposition, adsorption to mineral surfaces, and occlusion within aggregates
(Bingham and Cotrufo, 2016). Fertilizer N can also be retained in soil
as microbial residues. Structural equation modeling indicated that fertilizer could also increase soil total N through elevating soil δ15N value and
potential N mineralization (Fig. 8). Higher soil δ15N value and potential
N mineralization reﬂect isotope fractionation during faster microbial N
transformation rates which enrich the 15N remaining in soils as lighter
14
N is preferentially utilized during microbial processes, e.g., mineralization, nitriﬁcation, denitriﬁcation (Choi et al., 2017; Jones and Dalal,
2017). Our result is consistent with previous ﬁndings that fertilizer
can stimulate microbial N transformation (Zou et al., 2019). During
microbial transformation, microbes can produce stable soil organic
matter (Chao et al., 2017; Kallenbach et al., 2016). This stable soil
organic matter can support build-up of the N sequestered in soil for centuries to millennia (Bingham and Cotrufo, 2016; Chao et al., 2017). Additionally, fertilizer can reduce soil total N indirectly by decreasing soil

Fig. 5. Concentrations of soil nitrate N. (A): different letters indicate signiﬁcant differences
within sampling months (p ≤ 0.05). (B) and (C): different letters indicate signiﬁcant
differences within cover crop treatments.

3.5. Structural equation model for effects of agricultural practices on soil N
concentrations
The goodness-of-ﬁt indices suggested optimal ﬁt of our measured data to the structural equation model (CMIN/DF = 1.04,
GFI = 0.98, CFI = 1.00, RMSEA = 0.01, Fig. 8). Total N concentration had a R2 value of 0.49. Fertilizer had direct effects on total N
(effect size = 0.37), δ 15 N value (effect size = 0.29), PNM (effect
size = 0.17), and pH (effect size = −0.14, Fig. 8). These pathways
led to a positive total effect of fertilizer on total N (effect size =
0.41, Table 1). Vetch had direct effects on total N (effect size =
0.31), δ 15 N value (effect size = 0.14), PNM (effect size = 0.35),
EON (effect size = 0.17), ammonium (effect size = 0.12), and nitrate (effect size = 0.30, Fig. 8). Overall, vetch had a positive total
effect on total N (effect size = 0.43, Table 1). Disk tillage had direct
effects on total N (effect size = −0.19) and pH (effect size = 0.15,
Fig. 8). The total effect size of disk tillage on total N was −0.19
(Table 1).
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Fig. 6. Rates of soil potential N mineralization. (A): different letters indicate signiﬁcant differences within fertilizer treatments (p ≤ 0.05). (B): different letters indicate signiﬁcant
differences within cover crop treatments. (C): an asterisk denotes a signiﬁcant difference within sampling years.

pH, which would lower both soil δ15N value and potential N mineralization (Fig. 8). The long-term acidiﬁcation of soils associated with
fertilizer inputs can alter microbial community structure and reduce
the abundance and activity of microbes that are sensitive to pH
(Jangid et al., 2008; Li et al., 2020; Song et al., 2016). This can reduce

the N transformation and residue accumulation of these microbes
and thus soil total N. Despite the minor negative effect, fertilizer
had an overall positive effect on soil total N, while vetch had a
slightly larger effect on soil total N compared to fertilizer (0.43 vs.
0.41, Table 1).

Fig. 7. The 30-day average air temperature and 30-day cumulative precipitation prior to sampling day in west Tennessee. The 36-year means were from 1981 to 2017. Data were obtained
from Jackson Experiment Station via National Weather Service Forecast Ofﬁce.
7
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Fig. 8. Structural equation model for effects of agricultural practices on soil N concentrations. MBN: microbial biomass N; EON: extractable organic N; PNM: potential N mineralization.
Arrows represent causal relationships. All presented relationships are signiﬁcant at p ≤ 0.05. Arrow direction indicates the direction of causation. Arrow width indicates effect size.
Black arrows denote positive relationships, and gray arrows negative relationships. Numbers beside arrows are standardized path coefﬁcients, i.e., effect sizes. See Table 1 for
standardized total effects.

compared to fertilizer, leading to increases in microbial biomass N.
Vetch residues can provide more than 20 kg N ha−1 for over 70 days
after termination (Liebman et al., 2018). The increased extractable organic N, ammonium, and microbial biomass N will beneﬁt soil N retention, as well as N availability for the following cotton crops. The mineral
N released from vetch decomposition can contribute to the N fertilizer
effect of legume cover crops (De Notaris et al., 2020; Yang et al.,
2020). Substituting fertilizer with vetch may decrease soil N losses, as
systems that utilize both are likely to exceed crop requirements.

4.2. Effects of long-term vetch cover cropping on soil N concentrations
Like fertilizer, vetch cover crop can improve soil total N through increasing N inputs and accelerating microbial N transformation (Fig. 8).
The main N inputs from vetch is through both its biomass (i.e. aboveand below-ground litter) N contributions and also direct exudation of
N resulting from biological N-ﬁxation in its roots (Fustec et al., 2010).
Additionally, vetch had a larger direct effect on potential N mineralization than fertilizer (0.35 vs. 0.17, Fig. 8). The N input from legume can
increase microbial diversity and N mineralization compared to fertilizer
(Berthrong et al., 2013), leading to larger amounts of microbially processed materials and therefore potential of sequestered N for long term
(Cotrufo et al., 2013). Beyond that, vetch can improve soil labile N concentrations (i.e., extractable organic N, ammonium, nitrate; Fig. 8), likely
resulting from the direct exudation of N from roots into the rhizosphere
as well as the decomposition of vetch residues. Vetch residues release N
slowly and therefore more synchronously with microbial demands

4.3. Effects of long-term disk tillage on soil N concentrations
In contrast to vetch, disk tillage had an overall negative effect on soil
total N (0.43 vs. −0.19, Table 1). The structural equation model (Fig. 8)
showed two pathways of disk tillage affecting soil total N: (1) reducing
soil total N by disrupting soil structure and breaking soil aggregates
(Mei et al., 2018; Piazza et al., 2020); and (2) enhancing soil total N by
increasing soil pH, which improves soil conditions for microbial activity
and increases soil δ15N value and potential N mineralization (Fig. 8).
Disk tillage increased soil pH from 6.05 ± 0.06 to 6.19 ± 0.06. Since
lime was applied in this ﬁeld site, when the soil was tilled, some of
the residual lime was remixed in the surface soil and could keep soil
pH slightly higher than no-till. In no-till soils, greater stratiﬁcation of
soil pH can be a result of no soil mixing. Plus, acidiﬁcation caused by fertilizer application to the surface is usually most pronounced in nearsurface soils (0 to 7.6 cm) (Reeves and Liebig, 2016), so disk tillage
would likely decrease the acidiﬁcation in surface soils compared to
no-till (Ghimire et al., 2017). The less acidiﬁed soils can be favorable
for microbial activity and lead to accumulation of microbial residues,
contributing to soil total N. This indirect positive effect of disk tillage
on soil total N through pH is relatively minor and overshadowed by
the direct negative effect of disk tillage on soil total N (0.003 vs.

Table 1
Standardized total effects of conservation management on soil N concentrations.

Total N
δ15N
Soil pH
MBN
EON
Ammonium
Nitrate
PNM

Vetch cover crop

Inorganic N fertilizer

Disk tillage

0.43
0.16
0.00
0.02
0.17
0.15
0.32
0.35

0.41
0.29
−0.14
0.00
0.00
0.00
0.00
0.15

−0.19
0.02
0.15
0.00
0.00
0.00
0.00
0.02

MBN: microbial biomass N; EON: extractable organic N; PNM: potential N mineralization.
All effects are signiﬁcant at p ≤ 0.05. See Fig. 8 for direct and indirect pathways.
8

L. Li, J. Konkel, V.L. Jin et al.

Science of the Total Environment 779 (2021) 146457

Fig. 9. Structural equation model for seasonal changes of soil N concentrations driven by climatic factors. Temperature: 30-day average air temperature prior to sampling day;
Precipitation: 30-day cumulative precipitation prior to sampling day; MBN: microbial biomass N; EON: extractable organic N. Boxes indicate variables. Arrows represent causal
relationships. All presented relationships are signiﬁcant at p ≤ 0.05. Arrow direction indicates the direction of causation. Arrow width indicates effect size. Black arrows denote positive
relationships, and gray arrows negative relationships. Numbers beside arrows are standardized path coefﬁcients, i.e., effect sizes. See Table 2 for standardized total effects.

−0.19). These two pathways result in an overall negative effect of disk
tillage on soil total N.

can reduce the effects of temperature and precipitation on microbial
biomass N, ammonium, and nitrate compared to fallow (Table 3) probably due to faster N transformation under vetch. Fertilizer application,
compared to zero-fertilizer, can have the similar effects as vetch
(Supplementary Table 2) since fertilizer can also accelerate N transformation. No-till, compared to disk tillage, can decrease the effects of
precipitation on microbial biomass N, extractable organic N, ammonium, and nitrate (Supplementary Table 3). No-till can increase soil
penetration resistance and aggregate stability compared to tillage
(Nouri et al., 2019; Singh et al., 2020), which might reduce the effects
of intensiﬁed precipitation.

4.4. Interaction effects of conservation management and temperature and
precipitation on soil N concentrations
Our results from structural equation modeling imply that increased
temperature and intensiﬁed precipitation might potentially destabilize
soil N and therefore increase soil N loss. The structural equation model
showed that temperature can increase soil microbial biomass N (Fig. 9).
Microbial biomass is the main driver of soil N turnover (Li et al., 2019b).
Thus, increased temperature may accelerate N mineralization and nitriﬁcation (Miller and Geisseler, 2018; Taylor et al., 2019; Thangarajan
et al., 2015), through which extractable organic N, ammonium, and nitrate are increased (Fig. 9). Likewise, increased precipitation can stimulate soil microbial biomass and activity, e.g., heterotrophic respiration
and N mineralization (Chen et al., 2017; Hess et al., 2020; Song et al.,
2020), during which soil total N can be consumed and extractable organic N and nitrate are increased (Fig. 9). These results indicate that increased temperature and intensiﬁed precipitation might increase the
lability of soil N. Further, the labile N can be leached through soil proﬁles
upon intensiﬁed rainfalls (Hess et al., 2020), exacerbating soil losses
from cropping systems. However, temperature and precipitation only
explained 24% of the seasonal changes in soil total N. Other concomitant
factors can control soil N loss with temperature and precipitation. Considering the interaction effects of conservation management and season
on soil N concentrations (Figs. 1−5), the seasonal variations in soil N
loss might be minimized by adjusting agricultural management. Vetch

5. Conclusions
Our study demonstrated the mechanisms of how conservation management improves agroecosystem resilience by mitigating the effects of
increased temperature and intensiﬁed precipitation on soil N. Our results showed that both inorganic N fertilizer and vetch cover crop can
accelerate microbial transformation of soil N and facilitate accumulation
of stable soil N, and therefore enhance soil total N concentration, with
vetch having a slightly larger effect than fertilizer. Vetch also improved
soil labile N concentrations and thus soil N availability for crops and microbes. We did not observe signiﬁcant effects of fertilizer on labile N
concentrations possibly because these effects were short-lived. No-till
can improve soil total N due to reduced disturbance compared to disk
tillage. Increased temperature and intensiﬁed precipitation might potentially increase the lability of soil N, leading to soil N losses. Vetch, fertilizer, and no-till may reduce some of the effects of temperature and
precipitation on soil labile N concentrations. The potential of soil N
loss due to increased temperature and intensiﬁed precipitation might
be mitigated through appropriate agricultural management. Conservation agricultural management can be an effective approach to improving agroecosystem function and productivity.

Table 2
Standardized total effects of temperature and precipitation on soil N concentrations.

Total N
MBN
EON
Ammonium
Nitrate

Temperature

Precipitation

0.28
0.37
0.43
0.36
0.46

−0.02
0.26
0.44
0.07
0.26
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original draft. Julie Konkel: Investigation, Data curation, Resources, Writing – review & editing. Virginia L. Jin: Investigation, Funding acquisition,
Writing – review & editing. Sean M. Schaeffer: Conceptualization,

Temperature: 30-day average air temperature prior to sampling day; Precipitation: 30day cumulative precipitation prior to sampling day; MBN: microbial biomass N; EON: extractable organic N. All effects are signiﬁcant at p ≤ 0.05. See Fig. 9 for direct and indirect
pathways.
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Table 3
Standardized total effects of temperature and precipitation on soil N concentrations under different cover crops.
Fallow

Total N
MBN
EON
Ammonium
Nitrate

Wheat cover crops

Vetch cover crops

Temperature

Precipitation

Temperature

Precipitation

Temperature

Precipitation

0.17
0.47
0.34
0.44
0.47

0.05
0.37
0.38
0.13
0.22

0.22
0.23
0.46
0.51
0.45

0.08
0.00
0.44
0.15
0.20

0.14
0.31
0.52
0.21
0.45

−0.26
0.28
0.54
0.00
0.18

Temperature: 30-day average air temperature prior to sampling day; Precipitation: 30-day cumulative precipitation prior to sampling day; MBN: microbial biomass N; EON: extractable
organic N. All effects are signiﬁcant at p ≤ 0.05. See Supplementary Fig. 9 for direct and indirect pathways.

Writing – original draft, Supervision, Project administration, Funding
acquisition.
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